By using the accurate DMBE III potential energy surface for Li 3 , we have carried out a detailed dynamics study of the title reaction. Besides reporting on the effect of translational and vibrational excitation of the reactants, a comparison is also presented for two models for defining the collision complex. The results support the coexistence of two different types of reaction mechanisms. One, characterized by long-lived trajectories, dominates at low-energy regimes and vibrational excitation. The other, mostly associated with direct type trajectories, starts to play a more important role at still reasonably low collisional energies, depending on the vibrational state of the reactants. It is also shown that, for initial vibrational excitation of diatomic, short-lived collision complexes can be associated with extensive randomization of vibrational energy.
Introduction
The exchange reactions of alkali atoms with alkali molecules M′ + M 2 (V,j) (M, M′ ) Li, Na, K, Rb, Cs) have been the subject of many studies in the past few decades, both experimental and theoretical. [1] [2] [3] [4] [5] [6] [7] [8] The motivation for such interest is connected with the fact that they are among the simplest exchange reactions and occur on a barrierless potential energy surface. Also interesting is the existence of important long-range dispersion forces for these systems, which can have a major effect on the reaction dynamics. In fact, the experimental measurements of reactive cross sections for the endoergic and isoergic reactions of atoms Na and K with molecules K 2 , Rb 2 , and Cs 2 have shown large values (σ r g 100 Å 2 ), which are consistent with the importance of the long-range part of the involved potential energy surfaces. Furthermore, alkali trimers are convenient systems for experimental studies due to the possibility of vibrational excitation in the visible and near-infrared regions, for which good tunable lasers are available.
Alkali metal trimers are systems for which ab initio electronic structure calculations have been carried out. [9] [10] [11] [12] [13] [14] [15] [16] [17] Moreover, realistic potential energy surfaces 6, 18, 19 have been obtained for some of them, which can be used for dynamics studies by either quasiclassical or quantum mechanical methods. The most recent 6, 19 semiempirical potential energy surfaces obtained for Li 3 are based on the double many-body expansion [20] [21] [22] (DMBE) method and take into account the normalization of the kinetic field. 23 They represent duly scaled ab initio data and will be used in the present work to investigate the dynamics of the Li + Li 2 (V,j) reaction. We also note that there have been several quasiclassical studies of the exchange reaction dynamics for the alkali metal trimers. 3, 24 However, previous calculations have employed LEPS 1,2 and extended LEPS 18, 25, 26 forms (these include two-body dispersion forces), which cannot provide such an accurate description of both short-and long-range forces. This motivated us to investigate further the Li+Li 2 (V,j) exchange reaction by using the quasiclassical trajectory approach and the latest Li 3 ( 2 A′) DMBE potential energy surface. 19 This study will be based on the premise that only the lowest sheet is necessary. Thus, a major goal will be to analyze the effect of translational and vibrational energy on the statistical Vs direct nature of the title reaction. Our studies will cover a wide range of translational energies (1 e E tr /kcal mol -1 e 13.11) and vibrational quantum numbers (0 e V e 20); the rotational quantum number has in all cases been fixed at j ) 10. Attention will be given to the dependence on the translational and vibrational energies of several reaction characteristics, namely, capture and total reactive cross sections, complex lifetimes, and vibrational and angular distributions of the reaction products. Moreover, we investigate two different criteria for defining the collision complex. In one of these, the complex is viewed solely on energetic grounds, while in the other it is defined from dynamical considerations.
The plan of the paper is as follows. In section 2 we briefly discuss the main features of the DMBE potential energy surfaces for Li 3 . Section 3 describes the computational procedure used in the dynamics calculations and presents our results on the influence of translational and vibrational energies in the capture and total reactive cross sections. In turn, section 4 contains an analysis of the complex lifetime distributions in terms of energetic and dynamical criteria. Section 5 describes the statistical and dynamical features of vibrational and angular distributions of products for the title reaction. The major conclusions are in section 6.
Potential Energy Surfaces
An important requirement for a correct description of the dynamics of chemical reactions (either quantal or quasiclassically) is to have an accurate analytical representation of the potential energy surface. The DMBE method combined with a virial decomposition analysis has been shown to attain high accuracy over all regions of interatomic distances covered in reaction dynamics. This is especially significant for the title reaction due to the important long-range forces involved in alkali atom interactions. The DMBE IA and DMBE III potential energy surfaces (described respectively in refs 6 and 19) therefore can provide a reliable description of both the fragmentation and atom-diatom channels. We note that the diatomic fragments used in these surfaces are described by the EHFACE2U 27 (extended Hartree-Fock approximate correlation energy; the digit 2 stands for diatomics and U stands for united atom limit) model, which also takes into account the normalization of the kinetic field. We further note that both DMBE functions used in this work predict the same Li 3 atomization energy, which lies within the error limits of the experimental data. 28 Figure 1 shows a bond stretching contour plot of DMBE IA and III potential energy surfaces. Clearly, they both show the same overall topographical features. It is also seen that the bond length and well depth of the C 2v ( 2 B 2 ) equilibrium geometry are identical, while the geometries, energies, and characteristic frequencies of the most important critical points are only slightly different. 19 However, and this can also be observed in Figure  1 , as one moves away from the equilibrium geometry along the minimum energy path, the lowest energy contours spread further in DMBE IA, thus revealing its more attractive nature; for further details, see ref 19 .
Trajectory Calculations
Trajectories have been run by means of the standard quasiclassical [29] [30] [31] method. Since Li 3 is a very floppy system, corrections for zero-point energy leakage (ref 32 and references therein) were deemed unnecessary. The calculations have been carried out for collisional energies of 1, 2, 3, 6.56, and 13.11 kcal mol -1 and vibrational quantum numbers of the reactant diatomic of V ) 0, 10, and 20. The rotational quantum number in all cases has been fixed at j ) 10; the corresponding initial vibrorotational energies are 0.716, 9.987, and 17.461 kcal mol -1 . The collisional energies E tr ) 6.56 and 13.11 kcal mol -1 correspond to half of the well depth in the triatomic and to the full well depth, respectively. The first of these values is similar to that used in Na + Li 2 and Na + Na 2 molecular beam experiments (properly scaled for the difference in masses of the colliding partners). Also, the range of vibrational quantum numbers covers values found in molecular beam experiments. 33 The rotational quantum number j ) 10 approximately corresponds to the most likely value in supersonic molecular beams, 34 while being close to that (j ) 15) of Li 2 used in state-selected measurements. 5 Results for j ) 0 can be found in ref 6 . The value of the maximum impact parameter has been optimized in such a way that the last bin for each batch of trajectories (from 19b max /20 to b max ) presented no reactive trajectories.
Batches of 10 3 trajectories have been run for each specific set (E tr , V, j) of initial conditions in the case of DMBE III. All trajectories have been initiated at a center of mass separation of 30a 0 , while the Li mass has been taken as that of the isotope 7 Li. The number of trajectories was judged satisfactory for our purposes, although for some initial conditions the actual number has been somewhat reduced. Trajectories that either did not preserve the total energy up to four decimal figures or typically exceeded 4 × 10 4 steps of 0.5 fs have not been included in the final statistical analysis. Although a higher degree of accuracy could have been imposed by shortening the integration time step, this would have considerably increased the computational time especially for the trajectories at low collisional energies. However, the rejection procedure adopted in the present work is probably justified at low collisional energies and initial vibrational states where the number of rejected trajectories is more significant, since one expects reactivity to be mostly statistical. In the case of DMBE IA, batches were limited to 500 trajectories, but care was taken to ensure that the total energy was preserved according to the preceding accuracy requirements or that the trajectories had been completed. Table  1 summarizes the initial conditions and results for DMBE III. It gives, from columns 1 to 6, the collisional energy, the initial vibrational quantum number, b max , the reactive cross section (σ r ), the complex formation cross section (σ c ), and the number of rejected trajectories in each batch (details will be discussed later). Results for DMBE IA can be found elsewhere 6 and in Figure 2 of the present work.
The total reactive cross sections calculated in the present work are shown as a function of translational energy in Figure 2 . We observe that the dependence of σ r (E tr , V) on E tr is typical for an exoergic reaction proceeding over a barrierless potential energy surface with a chemical well. The large value of the cross section for small energies [e.g., σ r (E tr ) 1 kcal mol -1 , V ) 20) ) 160.4 Å] and its decrease with increasing energy substantiate the important role played by long-range forces. As will be seen later, such behavior is essentially controlled by capture. We also note the effect of vibrational excitation on the magnitude of the total reactive cross section. As can be seen from Figure  2 , the vibrational enhancement σ r (E tr ,V) at E tr ) 1 kcal mol -1 is σ r (V ) 20)/σ r (V ) 0) ) 1.75. This vibrational enhancement grows considerably with energy, reaching the value 3.55 for E tr ) 13.11 kcal mol -1 .
At present, direct experimental measurements of the total reactive cross section and corresponding vibrational enhancement are not available for the Li + Li 2 (V,j) reaction. However, our results can be compared with data for the similar Na + Solid contours correspond to DMBE III and dotted contours to DMBE IA. Contours start at -59 mEh relative to the separated atoms, and increase by 10 mEh. The short-dashed and long-dashed contours encompass the regions with energy below the atom + diatom asymptote by an amount at least 20% of the Li3 equilibrium well depth for DMBE IA and DMBE III, respectively. Li 2 (V,j) reaction, which has been recently studied 7 by the molecular beam technique at E tr ) 520 meV. These experiments have suggested a total reactive cross section of less than 1 Å 2 , with a vibrational enhancement in the elastic cross section of ca. 35%. Since a drastic dependence of the total reactive cross section on the mass of the colliding partners is unlikely to occur, and since the Li 3 potential energy surface used in the present work should be reliable, we cannot foresee a definite reason for such a disagreement. However, the Na + Li 2 reaction is slightly endoergic, and this may partly explain the observation of small reactive cross sections near the threshold energy for reaction. We also note that the use of other potential energy surfaces for the title system have only shown 1,25,26 small differences in comparison to results obtained for the DMBE IA and DMBE III potential energy surfaces. In particular, we observe that for the extreme energies (1 and 13.11 kcal mol -1 ) considered in this work, these two last functions yield values almost indistinguishable within their error bounds except for V ) 0. However, for the intermediate energies (especially 3 and 6.56 kcal mol -1 ), DMBE IA shows greater reactivity as might have been anticipated from its more attractive nature. The similarity of the reactive cross section for both the lowest and highest collisional energies may then be explained as follows. For low energies, because the asymptotic part of both functions is similar, reactivity is likely to be controlled almost exclusively by capture, while for high energies the trajectories are more insensitive to the small details of the potential energy surface. The trend previously observed 6 in which reactivity increases with vibrational excitation is still present, irrespective of the potential energy surface. We also note that the discrepancy found for V ) 0 and E tr ) 1 kcal mol -1 can be attributed to the relatively large number of trajectories not considered for the statistical analysis in the case of DMBE III. This fact may have somewhat biased the final result, since the statistical reactivity is nearly 2/3 (to be discussed later).
We comment next on the results obtained from previous potential energy surfaces for the title system. The most striking is the similarity between our computed reactive cross sections and those presented earlier 1 using a simple LEPS form (for the lowest relative translational energies, results for this function are placed roughly midway between DMBE I and DMBE III).
We note that the only results available for this function correspond to V ) 0, so that we are not able to assess the extension of the coincidence for other initial conditions. A more recent extended LEPS form 25 has shown 4 the highest reactivity for V ) 0 and a collisional energy of 4 kcal mol -1 . Such a high reactivity is probably due to the fact that this potential energy surface has a well deeper than any of the others discussed in the present work. In what concerns the potential energy surface of Thompson et al. 26 calculations 4 indicate that for initial conditions restricted to V ) 0 (j ) 10) and a collision energy of 4 kcal mol -1 the reactive cross sections are similar to those interpolated from the DMBE IA results. This is not surprising since the diatomic potential curves are rather similar, and the three-body energy terms reproduce in the valence region the same 13,14 ab initio energies. In fact, such arguments could also be employed for the DMBE III potential energy surface, although it is clear that the differences are more substantial in this case. Note that these considerations do not necessarily apply to the case of vibrational excitation in the reactant diatomic.
We now consider the cross sections for complex formation. For collisions occurring on a potential energy surface with a potential well, the reaction is usually rationalized in terms of a two-step mechanism, in which a triatomic complex is formed before it decays to products. To calculate the cross sections for complex formation, lifetime distributions, or average complex lifetimes, one must first state the criterion from which the complex is defined. In what follows, and unless mentioned otherwise, we consider as having formed a complex 35, 36 every trajectory in which the potential energy has dropped below the asymptotic atom + diatom limit by an amount equivalent to 20% of the equilibrium C 2v well depth; a similar criterion has been used in previous work on the O + OH reaction. 36 This can be done in a simple way by monitoring the potential energy along each trajectory, Figure 3 displays the results of calculated cross sections for complex formation. By using a simple capture model of the form (e.g., ref 37) and by considering only the leading isotropic C 6 dispersion energy coefficient, it is possible to predict within 13% the complex formation cross sections for the two lowest vibrational quantum numbers. It is also possible to predict from eq 1 the ratios σ(V ) 10)/σ(V ) 0) for each collisional energy, yielding 26 functions, both for V ) 0. In all cases a rotational quantum number j ) 10 has been used. σ(E tr ) ) nπ(n -2)
an increase of ca. 4.3% in the cross section from V ) 0 to V ) 10. This value does not agree with that obtained from quasiclassical trajectories (see Table 2 ), except when the rejected trajectories are included in the cross section for complex formation; in such a case, the agreement with the calculated values is fair. We recall that the rejected trajectories either exceeded the maximum allowed number of steps or did not preserve total energy, in any case being associated with longlived complexes. For the highly excited reactant diatomic, the results appear to be inconsistent with a simple capture theory. This could have been anticipated from the corresponding lifetimes, as will be discussed in the following.
As shown in Figure 3 , the relative magnitude of calculated complex formation cross sections σ c (V ) 10) > σ c (V ) 0) > σ c (V ) 20) is also different from the predictions of capture theory. In this case, the relative magnitude could be rationalized by taking into account the increase in the average C 6 (V) dispersion coefficient with increasing vibrational excitation of the reactant diatomic, i.e., C 6 (V ) 20) > C 6 (V ) 10) > C 6 (V ) 0). However, we note that, for the highly excited Li 2 (V ) 20) diatomic, there are a number of reactive long-distance collisions that do not lead to complex formation according to our criterion. Finally, we note from Figure 4 that a good fit of the dependence of complex formation cross section on translational energy can be obtained by using the simple exponential form where a V and b V are constants, Z is an RRKM variable 38,39 [Z ) E tr /(D + E tr )], and D ) 13.11 kcal mol -1 is the dissociation energy of the Li 3 complex.
Lifetimes of Li 3 Collision Complexes
We have calculated complex lifetimes, average lifetimes, and lifetime distributions according to the preceding energy criterion for defining a complex. We have also tested other values for the percentage of well depth, as well as the minimum distance exchange criterion proposed by Schlier and co-workers. 38, 39 In this criterion, one counts the number of exchanges, N exch , referring to the minimum bond distance; alternative definitions 1, 40 of complex have been suggested in the literature, the reader being referred to the original papers for details. The energetic criteria analyzed involve 5.5, 9.5, and 20% of the well depth, while for the minimum distance exchange criterion we have considered N exch ) 2. The minimum number of exchanges N exch ) 2 has been selected because it is the least restrictive one yielding finite lifetimes (note that a trajectory that meets any of the preceding energy criteria is characterized by a Figure 2 . The results of the fitting to eq 2 are as follows: a0 ) 210.0, b0 ) 2.12 (s); a10 ) 235.7, b10 ) 2.32 (--); a20 ) 151.8, b20 ) 2.16 (---). complex lifetime greater than zero). Other values of N exch will also be discussed. The preceding criteria have first been analyzed on the basis of the resulting average lifetime for each batch of trajectories; see Figure 5 . It is seen that for V ) 0 all criteria gave similar results, even the least restrictive one corresponding to only 5.5% of the triatomic well depth. For V ) 10, this criterion gives the largest lifetimes. In turn, the N exch g 2 criterion yields values larger than those obtained from the most restrictive energy criterion in which the trajectory must drop to potential energies below 20% of the triatomic well depth. For V ) 20, the N exch g 2 criterion predicts the longest lifetimes. This contrasts with the energy criterion of the present work, in which a sigificant part of the trajectories can be described as being of direct type. If we take into consideration that, in geometrical terms, the least restrictive energy criterion could correspond to a very "loose" complex (which includes the possibility of reactive trajectories at large distances between reactants), the collision lifetimes are probably overestimated in both this and especially the N exch g 2 criterion. In fact, Schlier and co-workers 39 originally proposed N exch g 8, but the increase in the number of imposed exchanges drastically reduces the number of complexes counted. Thus, this criterion is of little use for determining collision lifetimes of short-lived complexes formed from highly vibrationally excited reactants (for these, the average number of exchanges is typically between 2 and 4). Nevertheless it will be used in what follows to compare the results obtained at low collisional energies without vibrational excitation.
We now discuss the distribution of collision lifetimes (presented as the fraction of existing complexes for instant τ) shown in Figure 6 . Clearly, we may identify two types of behavior: one corresponding to translational energies up to and including 6.56 kcal mol -1 and V ) 0, 10 (and, probably, also with V ) 20 and E tr ) 1 kcal mol -1 ), and the other for high translational energies and/or vibrational quantum numbers. The latter may also be characterized by short average complex lifetimes. Figure 6 also displays the corresponding random distributions as given by where N/N c denotes the fraction of complexes present at instant τ, and τ m has been determined from the quasiclassical trajectory results. We see that this distribution is roughly followed for lower collisional energies and low vibrational excitation of the reactant diatomic. As the average lifetime decreases, deviations from this simple behavior become progressively more noticeable.
It may now prove useful to compare the average lifetimes τ m presented in Figure 6 with the rotational period of the Li 3 collisional complex τ r ) 2π(I/L) ) 0.4 ps (I is the moment of inertia of the complex and L is its orbital angular momentum) and the vibrational periods for the three fundamental frequencies of the Li 3 molecule τ V ) 0.569, 1.011, and 1.386 ps. We observe that the average lifetime for the second type of distribution is significantly less than the rotational and vibrational periods, and, therefore the collision complexes do not comply with their traditional definition. Having that in mind, we can say that only those of the first type describe the nearly statistical nature of the Li + Li 2 collision dynamics for the corresponding energies and vibrational quantum numbers. The second type essentially corresponds to direct type trajectories. Figure 7 shows the average complex lifetimes as a function of the translational energy for each vibrational quantum number. Usually, the functional form used to fit this dependence corresponds to some power law 38 where Z has the meaning previously assigned. We have found, however, that a more adequate representation would be the simple exponential form where τ 0 and γ are adjustable parameters. The least-squares fits are shown by the solid lines in Figure 7 . The quality of the final result implies that the average complex lifetimes are not so sensitive to the statistical nature of the complex as the lifetime distributions themselves. It should be noted that eq 4 is sometimes adequate to describe unimolecular decomposition, 
yielding an infinite average lifetime for Z ) 0. Thus, it does not generally apply to complexes formed in bimolecular collisions occurring on a potential energy surface with a well. Because there is always a nonvanishing translational energy when entering or leaving the complex region, as defined in the present work, the average complex lifetimes must remain finite as Z approaches zero. Let us now investigate the effect of average lifetime on the subset of complex trajectories that are reactive. Figure 8 displays the translational energy dependence of the fraction of reactive complexes, N r /N c . For V ) 10, we observe that these fractions have a small dependence on the collisional energy and are placed slightly below 2/3. For V ) 20, they are almost energy independent and consistently close to 2/3. For the lowest reactant diatomic vibrational quantum numbers, the ratio decreases markedly with increasing translational energy, starting slightly above 1/3. All of these results correspond to our 20% energy criterion. Focusing on the lowest energies and V ) 0 (Figure 9) , we see that a reduction in the number of complexes by imposing a threshold of successively longer lifetimes has two effects: the ratios become more independent of energy and tend to approach 2/3. The same results would naturally be obtained if N exch was increased in the minimum number of exchanges criterion; see Figure 9b . The limit of 2/3 for the ratio of reactive trajectories to those forming a complex may simply be explained 37 by the availability of three equivalent channels (one nonreactive and two reactive) on the Li 3 potential energy surface.
Vibrational and Angular Distributions
Let us now briefly discuss the angular and vibrational distributions of the products for the title exchange reaction. As follows from the preceding comparison of the rotational period and average lifetime, the average complex lifetimes found with values similar to or greater than that of the predicted rotational period include V ) 0 and E tr ) 1, 2, and 3 kcal mol -1 . Figure  10 shows that these three cases seem to favor backward scattering, and the same behavior is present, irrespective of relative translational energy, for V ) 0. The increase in vibrational quantum number, especially for high energies, clearly points to forward scattering. In spite of the uncertainty associated with angles near 0°and 180°, the general behavior is that peak intensity for forward scattering increases with decreasing average complex lifetime, as could be expected from the osculating complex model.
The vibrational distribution of products is shown in Figure  11 and reveals two types of behavior. For V ) 0, we find a thermal distribution, with the population of excited states increasing with translational energy. For the other two reactant vibrational quantum numbers, the distributions are either almost uniform or peak at some intermediate value of V′ before decaying rapidly for higher excited states. The latter type of behavior is similar to that previously observed in trajectory calculations, namely, for the Cl + Cl 2 (V) reaction. 41, 42 Although nonthermal product vibrational distributions (which occur in the present work for highly vibrationally excited reactants or high collisional energies) are often attributed to incomplete energy randomization, this picture is somewhat contradicted by the results described in the previous section, which show that vibrational excitation of the reactants leads to equal accessibility of all channels. Figure 12 presents the average internal energy of the product diatomic for each set of initial conditions as a function of the collision energy. The general behavior is consistent with the hybrid statistical/stripping-spectator 8 model recently proposed, especially for the initial vibrational quantum numbers V ) 0 and V ) 10. Indeed, the final internal energy is shown to linearly depend on the initial translational energy. This suggests that a constant fraction of the latter is transformed into internal energy (this fraction is very similar for V ) 0 and V ) 10 in the range of collisional energies considered in the present work, since the corresponding lines are almost parallel), while a constant fraction of this goes to the product molecule. For V ) 20, conditions appear to be too extreme to be explained through this simple model.
Conclusions
A detailed study of the title reaction has been presented by using an accurate potential energy surface for ground state Li 3 ( 2 A′). The assumption has been made that the reaction occurs adiabatically on the lowest doublet state surface. For a variety of initial conditions, we have reported results on the influence of translational and vibrational energies on capture and total reactive cross sections and vibrational and angular distributions of products. Moreover, we have presented an analysis of the complex lifetime distributions in terms of energetic and dynamical criteria. The results support the idea of a wide range of behaviors depending on the initial conditions of the reactants. For low energies, the data suggest that a statistical mechanism prevails, while a direct mechanism is probably dominant at high translational energies and/or vibrational excitation of the reactant molecule. A comparative study has also been carried out for two models defining collision complex. These models, one based on energetic grounds and the other 38 on dynamical ones, have been shown to give similar results for low initial vibrational states of the reactants. For high vibrational states, the use of a bond-exchange 38 model may become problematic since the number of bond exchanges is always found to be N exch < 8, while some trajectories are clearly of the long-lived type. , V ) 20, does not include dissociative trajectories in the average energy and has not been considered in the fitting procedure. The corresponding open symbol includes dissociative trajectories with internal energy equal to the well depth of the diatomic and also has not been considered for the fitting procedure.
